Fully symmetric nulling beam combiners

E. Serabyn and M. M. Colavita

A simple method of nulling broadband light is presented. A mirror-symmetric pair of right-angle
periscopes is first used to introduce a geometric field flip between two incident light beams, after which
the light is combined by means of one of a number of constructive two-beam interferometers. A
reciprocal pair of beam-splitter passages provides for complete symmetry. Such an approach greatly
eases beam-splitter design requirements and should find use both in initial ground-based nulling exper-
iments and ultimately in space-borne interferometers targeted at direct extrasolar planet detection.

OCIS code: 120.3180.

1. Introduction

The technique of nulling interferometry has the po-
tential to attenuate the light from nearby stars suf-
ficiently to enable the direct detection of terrestrial
planets in orbit around them.! Various methods
have been proposed for achieving the necessary deep
and stable starlight cancellation. Candidate nulling
architectures include approaches based on rotational
shearing interferometry,? field inversion upon pas-
sage through focus,® and dispersive phase retarda-
tion,* all of which can be classified as exotic
interferometers. To date, only the approach based
on a fiber-coupled rotational shearing interferometer
has successfully demonstrated the deep and stable
nulling of broadband light.2 Here we describe a
family of alternative nulling approaches that has the
virtues of simplicity (all flat optics) and complete
symmetry, thus greatly easing several design con-
straints.

The near-perfect subtraction of the fields incident
on two telescopes viewing a common source (e.g., a
star or galactic nucleus) calls for a high degree of
symmetry in the two optical beam trains and in the
beam combiner. However, each of the nulling ap-
proaches proposed to date retains a certain degree of
asymmetry. In particular, in single-pass beam-
splitter configurations, the beam-splitter reflection
and transmission coefficients may be unequal. In
the through-focus approach, the incidence angles on
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the secondary mirrors of the retroreflector assemblies
will differ. In all cases, unbalanced traversals of
antireflection coatings in the beam-splitter—
compensator pair may be present. Finally, common
to all approaches, differences in the complex reflec-
tion coefficients for the two polarization states, and
across the passband, may exist. Since each of these
asymmetries limits the maximum broadband stellar
rejection ratio attainable, an alternative nulling ap-
proach that eliminates or minimizes such asymme-
tries would be advantageous.

The impetus for the new design presented here was
the idea that it should be possible to separate the
field-flip and the beam combination stages. If a rel-
ative field reversal were introduced first, subsequent
superposition of the two input beams in a standard
interferometer would yield field subtraction rather
than addition at zero optical path difference (OPD),
allowing standard interferometric beam combiners to
be employed. In addition, if the optical design could
be made completely symmetric, it would theoretically
be possible to subtract two identical input beams per-
fectly (neglecting real-world limitations such as
alignment and phasing errors, and coating varia-
tions).

2. Field-Flip Stage

A simple method of providing a relative field reversal
between two parallel, collimated beams is illustrated
in Fig. 1: A pair of mirror-symmetric right-angle
periscopes yields a relative 180° rotation of both the
input fields and the apertures. Because the two mir-
rors in each periscope also reverse the role of s and
p-plane reflections, the two incident polarization
states are affected symmetrically by the mirror pair,
with one s-plane and one p-plane reflection per peri-
scope for each incident polarization. Thus, as long
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Fig. 1. Tlustration of a mirror-reflected pair of right-angle peri-
scopes. Each beam encounters two mirrors at the locations of the
90° folds. Both the apertures and the fields undergo a relative
rotation of 180° because of the oppositely directed middle beam
segments. Each polarization component undergoes one s- and
one p-plane reflection.

as the mirror coatings are identical, no s—p phase
delay will be incurred. After passage through these
periscopes, the outgoing fields will thus be identical
to the input fields, except for a relative field reversal.
Since in most implementations of astronomical inter-
ferometers a pair of fold mirrors would be used to
send the two incoming beams into the beam com-
biner, such a pair of right-angle periscopes actually
adds only one mirror reflection per beam train.

3. Beam Combiner

With a relative field flip already in place, a construc-
tive beam combiner should provide the required ach-
romatic null. Considering first the single-pass
beam-splitter case, perfect cancellation requires that
the transmitted and the reflected beams have equal
intensities so that |r| = |¢'|, or equivalently, |r'| = |,
must apply, where r, ¢ and r’, ¢’ are the beam split-
ter’s complex reflection and transmission coefficients
for radiation arriving from opposite directions [Fig.
2(a)]. However, in practice these coefficients can dif-
fer significantly, especially if dual-polarization oper-
ation is demanded. We therefore turn to the case of
double-pass beam splitters, where the beam-splitter
performance requirements are significantly eased.
The most familiar double-pass case, a laboratory
Michelson interferometer [Fig. 2(b)], has one output
on either side of the central beam splitter. Each
output is the superposition of two contributions.
One output (hereafter the balanced output) consists
of the superposition of two terms proportional to the
coefficient cross products r¢ and ¢r’, whereas the sec-
ond output (the unbalanced output) has two contri-
butions proportional to the squares of the individual
coefficients, 72 and #¢'. As in the previous case, r*
and #t’ are not necessarily equal. However, rt and
tr' are balanced to first order, because generally r ~
r'. In a standard single-input Michelson inter-
ferometer the balanced output normally experiences
constructive interference at zero OPD, because the
two contributions arrive in phase, so such an output
is not useful for nulling. In contrast, in a rotational
shearing interferometer (i.e., a Michelson interferom-
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Fig. 2.

coating that is not shown.
splitter is used in double pass.

(a) Definition of beam-splitter electric field reflection and transmission coefficients.
of a substrate (clear) with a multilayer dielectric coating (black) on one side.

(o)

The beam splitter is illustrated as composed
The opposite side of the substrate has an antireflection

(b) Iustration of the electric fields arriving at the outputs of a Michelson interferometer, in which the beam
At zero OPD, the light emerges in the constructive balanced outputs given by the coefficient cross products.

In the figure the outputs are offset for clarity. This layout applies as well to rotational shearing interferometers, in which the balanced
outputs are made destructive at zero OPD by replacing the two flat mirrors in the two arms with a pair of orthogonal rooftop mirrors. (c)
Illustration of the electric fields arriving at the outputs of a modified interferometer in which an inverted pair of beam splitters is used
for the two beam-splitter encounters.
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Fig. 3. Three configurations for constructive beam combiners derived from classical Michelson, Sagnac, and Mach—Zehnder interferom-

eters.

At zero OPD, constructive interference occurs at the balanced outputs (shown as solid heavy arrows).

(b) (o)

In conjunction with a prior

field flip these balanced outputs become nulled outputs at zero OPD. The offset pairs of short segments on the input beams indicate the

wave-front offsets needed for path-length matching at the outputs.

eter with its two flat end mirrors replaced by two
orthogonal rooftop reflectors), the cross terms remain
the same, but a relative field flip internal to the in-
terferometer introduces a relative phase shift of
radians, and thus the cross terms at the balanced
output subtract. Exactly the same state of affairs
would occur for a normal Michelson interferometer if
a prior field flip were introduced.

Before we consider how to generalize to two input
beams, one further point needs to be addressed. The
difference term present at the balanced outputs, ¢(rr —
'), is not necessarily exactly equal to zero, because r —
r’ # 0 if losses are present in the beam splitter.>6
However, if the beam splitter were to be inverted for
the second beam-splitter passage [as in Fig. 2(c)], the
contributions to the balanced outputs for equal inputs
become instead rt' and ¢r, with a difference of (¢’ — #).
As a consequence of the right-and-left incidence theo-
rem,>6 the reciprocal transmission coefficients, ¢ and ¢’,
of a multilayer system embedded in a lossless dielectric
medium must be equal even in the presence of internal
absorption. As a result, (¢’ — ¢) is identically zero,
independent of the specific properties of either the
beam splitter or the incident field, such as the beam
splitter’s r and ¢ coefficients, and the wavelength, po-
larization state, and angle of incidence of the radiation.
Thus a perfectly nulled output is theoretically possible
with such a reciprocal beam-splitter pair, even for
broadband dual-polarization light. A reciprocal
beam-splitter pair arranged as in Fig. 2(c), with the
input beam first hitting the beam-splitter side of the
substrate, also minimizes (at one each) the number of
passages through the substrate and the rear-surface
antireflection coating.

Although use of a reciprocal beam-splitter arrange-
ment could further improve the performance of the
rotational shearing interferometer used in the null-
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ing experiments to date at the Jet Propulsion Labo-
ratory,2? we return instead to the idea of using a
normal constructive interferometer to null a pair of
already reversed electric fields. Use of a pair of
beam splitters immediately suggests a Mach—
Zehnder configuration,® but any of the typical con-
structive  interferometer configurations, e.g,
Michelson, or Sagnac,® can also serve as a starting
point. However, these familiar interferometers are
normally used as single-input devices, so some rear-
rangement of the optical paths is necessary to use
them as beam combiners.

Simple arrangements for dual-input Michelson-
like, Sagnac-like, and Mach—Zehnder-like interfero-
metric beam combiners are given in Fig. 3. A
similar Mach—Zehnder-like arrangement has already
been suggested for use as a three-way constructive
beam combiner.?® In all the arrangements in Fig. 3,
the second beam-splitter encounter is reciprocal to
the first (in the Sagnac-like system, this is effected
passively by going around the beam splitter) so that
the nullers are perfectly symmetric with respect to
both the beam-splitter encounters and the mirror re-
flections. The Mach—Zehnder-derived system is
physically symmetric as well and has the fewest mir-
rors, and so has the simplest layout. The full layout
for the Mach—Zehnder-derived case, including the
right-angle periscopes, is shown in Fig. 4. Com-
pared with the three-dimensional layout of the
rooftop-based rotational shearing interferometer,”
this new layout is significantly more symmetric and
more compact and also has fewer reflections. It
should thus show superior nulling performance, in
addition to being easier to construct and align.

Finally, two subtleties merit mention. First, be-
cause of the right-angle periscopes, the entire layout
cannot be planar. Although the postperiscope beam
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Fig. 4. Full layout of the Mach-Zehnder-derived nulling beam
combiner, including the input mirror-reflected periscope pair. In
this layout, the two input beams lie in a vertical plane, and the
postperiscope nulling optics lie in a horizontal plane.

combiners are planar, the orientation of the beam-
combiner plane is dependent on the periscope imple-
mentation and so may be rotated, by, e.g., 45° or 90°,
relative to the plane of the input beams. Second, as
Fig. 3 illustrates, path-length matching to the outputs
requires the introduction of a path-length offset be-
tween the inputs. Without this external delay, a sin-
gle lens cannot be used to illuminate both inputs for
testing. This offset can be inserted upstream of the
beam combiner by configuring or sizing the periscopes
appropriately or by using the optical delay lines nor-
mally present in astronomical interferometers.

4. Conclusions

By separating the field reversal and beam combi-
nation functions, a simplified achromatic nuller de-

sign is obtained. The new design allows for
rigorous symmetry of the optical train, accommo-
dating losses and reflection/transmission asymme-
tries in the beam splitter as well as losses in mirror
reflections. The simplified design provides a com-
pact, mostly planar, nuller implementation based
entirely on flat optics, with fewer reflections than
previous designs. Because of its high degree of
symmetry, this nuller design is inherently broad-
band and dual-polarization and so has the potential
to outperform other designs.

The research described herein was carried out at
the Jet Propulsion Laboratory, California Institute of
Technology, under a contract with the National Aero-
nautics and Space Administration.
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